Abstract. This paper presents the modeling, control scheme and optimization of a small scale combined heat and power (SSCHP) in island operating mode. A thermo dynamic model is carried out for SSCHP engine using Carnot machine method, while an optimization technique is formulated to identify CHP engine parameters. In addition, a dynamic model is built based on a system identification toolbox for SSCHP engine to study the dynamic behavior of the SSCHP during operating mode. In island mode, the Fuzzy logic controller (FLC) is used to regulate the inputs of SSCHP, and to match electric load demand. The complete system was represented and simulated in Matlab/Simulink.
Introduction
Recently, combined heat and power (CHP) is considered an important form of the distributed power generation units (DGs), where the generation unit is placed at or near to users. CHP systems can potentially reduce operational cost, emissions in domestic, commercial, and primary energy consumption associated with power production [1] . The interest in CHP has widened to encompass systems in the Small Scale CHP (SSCHP) which its output power ranges from a few hundreds of kW up to 5 MW. SSCHP system technology is gaining popularity among the distributed power generation unit due to their several advantages as listed in [1] . SSCHP systems are a relatively proven technology and they have demonstrated the capability to save resources in a variety of applications. Some of these applications include; district heating, hospitals, agriculture industry, and heavy industrial [2] - [5] . A number of researchers have developed thermodynamic models that can be used to predict the thermal and electrical energy outputs of different types of SSCHP engine [6] . Many optimizations techniques with different objective functions in terms of energetic performance are used in engine model. These techniques are used to achieve the optimum design conditions for SSCHP engine thermodynamic model [7] .
In order to define the problematic clearly and to perform a suitable analysis of a regulation strategy, a simulation environment is required. A dynamic model of the distributed resource and the electrical load are required for performing the transient simulation and achieving the control design purposes. Roughly there exist two kinds of models for dynamic systems: the first one is based on natural laws, and it is built by differential equations which can describe the basic laws of conservation, and the second one is a data-based model where the measured data are reproduced by parameter fitting using an assumed system structure [8] .
By studying the different controlled schemes which used in data-based model, it is clear that the nonlinear methods cannot solve the various control problems of the SSCHP system [9] . Therefore, other advance control methods have been applied such as fuzzy logic controller (FLC), fuzzy PID controller (FPID) and neural network controller (NNC). The main advantage of using these methods is that it allows a model-free estimation of the system. In other words, the designer does not need to state how the outputs depend mathematically upon the inputs [10] . A FLC can be developed by encoding the structured knowledge of the system [11] .
The main aim of this paper is to develop and validate a dynamic model for SSCHP engine based on Lagrangian multipliers method. This method is used to identify the CHP engine parameters, where the input exergetic has been used as objective cost function. This model is able to predict the fuel consumption, the generated heat and electricity accurately and total cost. Moreover, the paper presents a FLC for voltage regulator and speed regulator of SSCHP generator. The proposed methodology of control scheme is also compared to the conventional PI which is already used in standalone mode. Fig.1 . shows the system configuration to fulfill the load requirements in an isolated mode. Voltage and speed control schemes are aimed to verify the electric load demand variation and supply load with a constant voltage and frequency without using power electronics systems.
System description
The integrated SSCHP system under investigation presents a visual representation of the main components .This system aimed at fulfilling the electric and thermal energy demand of a certain load in standalone system, comprises: (I) a SSCHP prime mover subsystem, (II) Synchronous generator (SG), (III) Heat recovery system (HRS), (IV) Control system, (V) Electric grid and load demand. The synchronous generator transforms the mechanical energy that is transmitted through the engine shaft into an electrical energy. The amount of active (P L ) and reactive power (Q L ) is provided to the load according to the load demand profile. The output heat from combustion chamber is used for preparation of the heating process. The combustion exhaust gases are used a heat source for the boiler that delivers heat to a heating network. 
System Modelling
Studies of the dynamic behavior of a SSCHP system before and after sudden changes in electric load should be considered in system modeling regarding to voltage, frequency and power limits violations. A system capable of holding stable operation under steady and transient conditions can be defined as a robust system.
In this section, Matlab/Simulink is employed for simulation of the SSCHP unit as well as for synchronous generator, control system and load representation.
A. SSCHP model
The detailed model of CHP engine is considered in this part. The SSCHP unit is treated and modeled as a compact block where the input is the fuel power and the output is electric and thermal power.
1) Engine thermodynamic model
To develop a practical and simple thermodynamic model of CHP engine, a steady-state regime of the system is introduced here and Carnot cycle engine is also used. The advantages of Carnot cycle engine model are listed in [12] , but this model neglects all heat losses such as heat internal losses and heat external losses. The purpose of this paper is to present the analysis for any type of engine using a Carnot cycle model after taking into account all heat losses. Where the SSCHP engine parameters and variables are described as follows:
: The ambient air temperature. : The heat source which supply which supply the SSCHP at the temperature .
: The mechanical power delivered by the engine. : The exhaust heat at temperature where the engine operates between the temperatures and .
: The cold thermal conductance between , while the associated heat. : The internal loss thermal conductance between , while is the associated heat. : The internal entropy generation term corresponds to irreversible heat.
The needed relations for describing SSCHP operation are presented in Eq.1. (1) is defined as the input exergy and summarized in the following equation. (2) The cogeneration system using the first and the second laws of thermodynamics can be written as [19] . (3) (4) By applying the energy balance to the source and the sink, the input and output heat are described as follow: (5) (6) Finally, the total thermal conductance can be defined as: (7) 2) Optimization method This part presents how to develop and to validate a model based on Lagrange multipliers method. This model is able to investigate the heat source according to the heat and power demands. By knowing the exhaust heat and electric power demand which defined as and , the optimization statement can be expressed formally as follows:
as a function in is given by submitting Eq.1 and Eq.5. in Eq.2.  Subject to: Eq.10, Eq.11 and Eq.12 were given by submitting Eq.1 in Eq.3, Eq.4, Eq.6 and Eq.7.
(10)
Where are CHP variables and are CHP parameter.
3) Model Validation
The data were obtained from Turboden10, Turboden18 and Turboden22 CHP, manufactured by Pratt and Whitney power Systems Company, as a practical case study to develop and validate the engine model [13] . The contents of Table I show the practical data of the manufacture , compared with the calculated values (
). The calculated values based on Matlab optimization program gives a good agreement with the practical one regardless the type of SSCHP engine used. 
4) Engine Dynamic Model
Turboden18 is selected to be a case study to develop a dynamic modelling for SSCHP engine. The practical data can be fitted using Matlab system identification toolbox for developing a relation between SSCHP inputs and outputs. The main idea for system identification is to build a transfer function that can represent the relation between the input supply and the output response [14] [15] . Fig.3 shows transfer function for electrical power system after using system identification tool box.
Fig.3. SSCHP Engine transfer function

B. Synchronous generator model
The synchronous machine used in the simulations is based on Matlab Simulink synchronous machine block set. The machine parameters are given in Table II . 
C. Voltage and speed control based on FLC
FLC is a model-free approach, and it does not depend on a model of the system being controlled. Model-free approaches make the controller design simpler, since obtaining a mathematical model of the system is sometimes a very complicated task. The configuration of FLC can be divided into three parts they are, Fuzzification, Knowledge Base, and Defuzzification as listed in [16] [17] .
1) FLC voltage control
The design of FLC is based on two inputs signal: the first input is the error signal (u), while the second input is the rate of change in the error signal ( ). FLC voltage regulator (FLCVR), the first input is the voltage error (Vref-Vabc) between the desired value of the generator voltage and its immediate value. The exciter control signal (ECS) will determine whether the field current needs to be increased or decreased to bring the voltage back to its desired value. The second input to FLCVR is the rate of change of voltage error, which will determine how fast the output voltage is changing as shown in Fig 4 . This is an important actor in a real-time control strategy for increasing the time response of the system.
Fig.4. SSCHP voltage control based on FLC
2) FLC speed control
FLC speed regulator (FLCSR), the first input to fuzzy speed controller is the speed error (wref-wmech) between the desired value of the generator speed and its immediate value. The error signal will determine whether the fuel flow needs to be increased or decreased in order to bring the speed back to its desired value. The second input to FLCSR is the rate of change of speed error, which will determine how fast the output speed is changing as shown in Fig.5 . Table III . 
Simulation results
In this section, the simulation has been implemented using Matlab/Simulink to investigate the performance of the control systems in standalone connected operating modes. The performance of the control systems is investigated based FLCVR and FLCSR in order to verify electric load requirements. The study takes in consideration that the load demand can't exceed the power generation. All parameters of the used engine are validated according to Turboden18.All simulation results are presented in p.u values according to rated conditions of the generator data (Sbase=2MVA&V=380V&1500rpm&50Hz).
A. Load profile
It is well known that residential electricity demand varies according to some factors such as household income, dwelling type and ownership, The availability at home of each household, time of day, time of year, geographical location and climate. [18] - [22] . Fig.6 shows an assumed average daily electricity load profile in p.u for group of houses in winter, the load data is represented in 60 sec by Matlab/ Simulink. The first time interval from 0 to 15 sec represents the electric consumption in the first 6 hours of the day and its load demand is 0.275p.u .The next step is from 15 to 30 sec and it is represents the duration time between 7 till 12 with load demand 0.525p.u.The third step duration is from 30 to 45 sec and it represents the real time between 13 to 18 with load demand 0.38 p.u. Finally the simulation time from 45to 60 sec represents the remaining hours of the day with the maximum load demand (0.77p.u). The total simulation time is 60 sec. 
B. Engine input and output
For calculating the input heat as a function of electric or heat demand, two approaches are used, the first gives the priority for electric demand (the model is satisfying the electric requirements without considering the heat demand) and the second gives the priority for heat demand without taking into account the electric demand. Fig.7 shows the amount of the input heat required to satisfy the electric demand of the load as well as indicate the exhaust heat according to the first approach. This exhaust heat can be used to satisfy load heat demand after using heat exchange unit. Fig.8 , Fig.9 and Fig.10 11 and Fig.12 show the engine mechanical speed and power response using FLC and PI controller [KP=40, Ki=8]. The speed regulator controller has been incorporated with the generator system to maintain the speed constant 1 p.u. it has been found that the engine mechanical power follows the load power demand at constant speed as desired. Fig.11 . Generator shaft speed response using PI compared to FLC.
C. SSCHP performance
The generator instantaneous load current and fuel consumption are shown in Fig. 13 and Fig. 14 .The results indicate the variation of fuel consumption and current according to load demand all over the day to satisfy load requirements. The control system using FLC is used to optimize the fuel consumption during load variation. Fig.15 shows the reduction in cost using FLC compared to PI controller over one day. The electricity tariff is assumed to be (0.08C) € per kWh, where C is variable and it changes according to CHP manufacture and CHP rating. 
Conclusion
This paper has presented a methodology to investigate the performance of a dynamic model of a SSCHP for island mode. The methodology of island operating mode is applied to verify load requirements using FLC, which has been implemented and simulated using Matlab/Simulink. Initially, the SSCHP control system is verified by a PI controller and FLC. From the simulation study, the FLC is preferred over a nominal PI controller in voltage and frequency regulation due to the minimum oscillation and steeling time. Moreover it is simpler than PI controller in mathematical calculation.
